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Thesis Title : Influence of nanoadditives on the rheology and thermal properties of 
viscoelastic surfactant used in matrix acidizing 
Major Field : Petroleum Engineering 
Date of Degree : May 2014 
 
Viscoelastic surfactants (VES) have wide range of applications in the oil and gas industry 
including removing near well-bore damage. However, tolerance toward high 
concentration of di- and tri-valent ions and stability at high temperature are still 
challenging.  
Product profiling was carried out based on unheralded sustainable rheology studies at 
upscale thermal measurements for subsequent selective test with counterions (Mn+Cln, 
M=Na, Ca, Mg, Fe), COOH-functionalized carbon nanotubes (CNT) and quaternary 
amine-modified montmorillonite (MMT)-based organonanoclays in multi-component 
brine medium, hitherto undisclosed. 
Incremental changes were observed in the viscoelastic properties of zero-shear viscosity 
(ηo) and elastic modulus (G’) by miniature additions of nanoparticles for all the 
counterions at elevated temperature of 95oC. 
Thermal resilience of composite VES samples within the context of in-situ temperature 
was studied by conventional thermogravimetric analysis (TGA).Free and bound solvent 
(mainly water) losses are indicative of declining rheological performance. The CNT-
included samples showed the highest thermal endurance with regards to both solvent 
losses at 220oC for the divalent ions which makes them most suitable for high-
temperature formation applications. The (un)modified VES fractions were investigated 
by proton NMR spectroscopy. A marked chemical-shift band evolved from the NMR 
data distinguishing the compositions at different temperatures. The low-temperature 
samples showed strong alkylic character while the high-temperature equivalents depicted 
susceptible unsaturated bonds responsible for their otherwise improved rheological and 
thermal performance earlier observed. Routine integration of the proton NMR confirmed 
xix 
 
relative hydrogen abundance of the COOH-functionalized Carbon Nanotubes (CNT) 
samples over the quarternary amine-modified Nano Clays (NC) and pristine 
compositions.     
In the main acid stage of the single coreflooding experiment, the gelled acid and the 
gelled acid/NC mix indicated wormholes that travelled halfway and a high pressure 
response which underlines their good diversion potentials at 65oC as against the regular 
acid and gelled acid/CNT mix which showed breakthrough response as confirmed by the 
picturesque CT scan implying they are less effective for diversion at this temperature.  
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 ملخص الرسالة
  
  
  انماشانمصطفي الاو :الاسم الكامل
  
تأثير نانواديتيفيس على خصائص السطح لزج مطاطي المستخدمة في مصفوفة :عنوان الرسالة
  أسيديزينج ريولوجيا والحرارية  
  
  الھندسة البترول:التخصص
  
  4102 ماى:تاريخ الدرجة العلمية
  
ذلك  ان السطحٮة ذان المرونة اللزجة لھا نطاق واسع من التطبٮقات فى صناعة النفط والغاز ومن
ازالة الضرد الناتج حول جوف البئر الا أن التفاون المسموح تجاه التركٮز العالى للايوناتثنائٮة 
  وثلاثٮة التكافؤ وكذلك الاستقرار في درجان الحرارة العالية لايزاللآ ٮشكلآن تحدٮا صعبا
نفذ تنميط المنتج عل أساس اللزوجة ولقياسان الرارية انتقائى متلاحف مع أٮونات 
والانابٮب النانونية ( تمثل الصودٮوم والكالسوم والمغترٮوم والحدٮد Mحٮث nlC+nM)ضادةم
اككربونٮه مع الاحماخد الكارٮوكسيلٮة وكذلك أمٮن المونمورٮنولن الباعى المعدل ذو الأصل الطٮنى 
  النانونى العضوى
ة الحركٮة ومعامل لوحظ أن ھنالك نغٮرات تدرٮجٮة فى خصائص المرونة الزوجٮة لمدورمة اللزوج
المرونة بواسطة اضافات مصفرة من النانونان لكل الاٮونان المضادة فى درجة حرارة مرتفنة تقدر 
  درجة مٮؤٮة59ب 
فى اطار درجة الحرارة الموضعٮة باسحدام  SEVتمد دراسسة الجوعٮة الحرارٮة لعٮنان مركب 
ٮدل ( الماء بصرة اساسية)الحرة والمرتبطة طرق الخلٮل الحرارى الوزنى التقلٮدٮة أن فقدان المندٮبان
  على تراجع الاداء الٮولوجى
تحتوى الانابٮب النانونٮة الكربونٮة على عٮنات أظھرن درجة عالٮة من التحمل الحرارى فٮما يتعلق 
درجة مئوٮة للاٮونات تنائٮة الئكافؤ  022فى درجة حرارة ( الحرة و المرتطة)بخسائ كلا المذٮبات
 SEVالاكثر ملائمتة للاستخدام فى التكوٮنات ذات درجات الحرارة المرتفعة أما أجزاء  مما ٮجعلھا
  غٮر المعدلة فقد تمت دراسھا باستخدام مطايافية الرنين المعتاطيسى النووى بالبروتون 
ان التحول الملحوظ فى الرابطة الكيميائية فى بيانات الرنين المعتاطيسى النووي يمكن من المييز بين 
لراكيب فى درجات حراراة مختلفة  العينات  في درجة الحرارة المتحفضة أطھرت خاصية ألكيلية ا
فوية بينما في درجة الحرارة المرتفعة كانن عرضة للروابط غير المشيعة وذلك بطريقة مغايرة لما 
  لوحظ مسبقأ فى الاداء اليولوحي والحراري
وي بالبروتون على الوفرة النسيبة للھيدروجٮن فى أكد التكامل الروتيني للرنين المغناطيسى النو
الانابيب النانونية الكربونية مع آلاحماض الكربوكسيلية خلال الامين الباعي المعدل للطين النانونى 
  والراكيب الآصلية 
خلال المرحلة الرئيسية للحاَمض لتجربة التدفق فى العينة المفردة أظھر الحمض المتبلور وخليط 
الحمض المتٮلور مع الطين النانوني وجود ثقوب قد تحركت وكذلك استجابة للضغط العالي مما يؤكد 
خليط درجة مئوية على خلاف الحامض المنتظم و 56على امكانية التحويل الجدرة فى درجة حرارة 
 ixx
 
الحامض المتسلود مع الطين النانونى الذى ٌأظھراستجابة للاخراق كما اوضحت صور الاشعة 
  المقطعية مما يدل علي انخفاض الفاعلية للتحول فى تلك الحرارة
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1 CHAPTER 1 
INTRODUCTION 
1.1 Background 
Significant deposits have been found to exist in the High Pressure-High Temperature 
(HPHT) reservoirs and are increasingly being explored for additional reserves. For HPHT 
reservoirs, temperatures usually exceed 150°C and pressures approach overburden limit 
[1].                   
Well Stimulation involves all complementary completion treatments used to improve the 
inherent flow conduits conditions between the wellbore and the reservoir [2].A-priori and 
a-posteriori well test analyses suffice to determine the type of treatment and the depth of 
the formation to which the treatment applies on the one hand and to determine the 
success or otherwise of the stimulation methods employed on the other. Depending on the 
outcome of a-priori well test analysis, either the near-wellbore zone or the virgin zones of 
the formation can be stimulated. Acid washing; matrix acidizing; acid fracturing and 
hydraulic fracturing are the major kinds of stimulation methods employed purely for 
skins due to formation damage. 
The following is a brief description of the stimulated methods stated in the foregoing.  
Acid Washing is a light stimulation treatment for dissolving acid soluble scales at the 
sand face or to clean up perforations. It is the most cost-effective of all the near-wellbore 
treatment methods. A precisely delivered volume of acid into target intervals in the 
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wellbore dissolves the scale deposits and continuous acid circulation ensures that the 
formation faces and perforations are clean.          
Matrix Acidizing is a type of stimulation to remove near-wellbore damage by injecting 
acid into the formation. The original reservoir permeability is restored or even boosted. 
(e.g in carbonate formation). In sandstone formations, the pore-bridging particles are 
attacked by the hydrochloric/hydrofluoric (HCl/HF) acid molecules while in carbonate 
formations (limestone and dolomite), the rock matrix is dissolved by the acid which 
creates secondary permeability (wormholes). Hydrochloric acid only is usually sufficient 
for stimulation treatment of carbonate formations.             
Hydraulic Fracturing refers to stimulation treatment by opening up man-made fractures 
linking the wellbore with the virgin portion of the reservoir. It is a suitable technique for 
formations with low permeability as against matrix acidizing which is good for medium 
to high permeability formations.         
In horizontal wells, the long intervals to be stimulated require very large volumes of 
stimulation fluids, long pumping times and incessant corrosion problems. Thus, 
sophisticated stimulation techniques such as the application of coiled tubing for diverting 
the acid are needed.                 
In reality, the horizontal well trajectory will likely intersect naturally existing fractures, 
resulting in a higher risk of leak-off. The combined effect of these factors leads to 
increased risks and costs for application of matrix acidizing in horizontal wells.   
Modified Viscoelastic Surfactants (VES) fluids can be used to overcome these 
difficulties. The matrix of viscoelastic surfactants has made them a choice additive for 
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diversion pills. The bias for VES fluids in diversion techniques is based on decreased 
formation damage, operational simplicity and minimal additives [3].    
In this thesis, the research is limited to and focused on matrix acidizing. 
1.2  Viscoelastic Surfactant 
2 During acid treatment design, injection is usually biased towards high permeability zones 
at the expense of the low permeability zones. The shear-thinning effect of the VES and its 
small molecular weight ensures that it can permeate the near wellbore region with a 
relatively low pressure drop. The subsequent reaction between the acid and the rock with 
accompanying pH increase stimulates the formation of WLM which leads to effective 
blocking of the high-permeability zones as the viscosity of the VES increases. The 
thickened VES solution in the high-permeability sands can divert the subsequent 
injectable to the low-permeability zone, so that the zonal matrix can be stimulated [4]. 
3 In this regard, the choice of a diversion method that will balance between the fluid 
effectiveness and reduced formation damage betwixt the opportunity cost invokes the 
most articulate trade-off.                                                              
It has been established that VES fluids are beset by the following deficiencies:                 
1. Most conventional VES’s are susceptible to high temperature. They tend to degrade 
under long exposure to heat and lose their viscosity [5] [6].                                                                                                                                
4 2. Conventional worm like micelles (WLM) fluids have whole gel fluid loss in porous 
media and do not form or accumulate micellar filter cake.[7]. 
5    3. Reduced compatibility with high level of ferric iron leads to decreased apparent 
 viscosity. 
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1.3 Tolerant Materials  
Adding colloids or nanoparticles to surfactant solutions can lead to significant changes in 
macroscopic properties and phase behavior amidst high temperature and salinity. 
Colloidal as well as non-Brownian particles are added to WLM solutions at very low 
concentrations to probe the local structure and viscoelasticity of the network in a 
technique called micro-rheology [8].   
1.4  Nanoparticles 
Nanoparticles can exist as inorganic or organic materials in the form of Carbon 
Nanotubes (CNT).          
In the past, addition of particles to classical VES fluid was perceived as counter-
productive, because the particles were viewed as pore plugging and thereby damaging to 
the reservoir permeability and productivity and their use would diminish the primary 
reason for using VES fluid. However, it has been found that select nano-size particles can 
be used to improve the performance properties of VES fluid because they possess mini-
arturized sizes which can fit conveniently into the matrix of the VES micelles [5].    
The sizes of these nanoparticles are usually smaller than 100 nm with average size of 35 
nm being commonplace. The nanoparticles are largely made-up of inorganic crystals with 
very low solubility in water, oil or solvent. The VES surfactants have an average 
molecular weight of less than 500.  The size of the nanoparticles and surfactants are too 
small to bridge or plug the pores of reservoirs, even for 0.1md permeability reservoirs  
[9].   
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1.4.1  Nanoclays 
Organically modified layered-silicates otherwise called nanoclays are one class of 
nanoparticles. They are bonded by locally-generated Van Der Waals forces of attraction 
from charge balancing across interlayer complexes. The negative surface charges are a 
product of the adsorption onto the layer surfaces of cations that are too large to be 
accommodated into the interior of the crystals which defines its Cation Exchange 
Capacity (CEC).Montmorillonite (MMT) which is the major constituent of bentonite 
remains the most widely used clay in nano-composite synthesis. The large aspect ratio is 
intricately embedded into matrix enhances reinforcement with substantial improvement 
in mechanical and physical properties of exfoliated nanocomposites at a very low silicate 
content (3–6 wt %).  
The structure in Figure 1.1 for the NC shows montmorillonite (MMT) units.MMT has 
the generic formula of MnHOAlMgSiOOH.Tetrahedral (Si4+) and 
octahedral (Al3+ or Mg2+) cations may be substituted by different valence ions to create a 
surface charge, which in the presence of water aids in stacking the layers together [10].  
1.4.2  Carbon Nanotubes 
CNTs are composed of concentric arrangements of many cylinders. Multi-Walled CNT 
(MWCNT) can reach diameters of up to 100 nm. Single-Walled CNT (SWCNT) 
possesses the simplest geometry, and has been observed with diameters ranging from 0.4 
to 3 nm.CNTs have cylindrical cross-sections with varied properties which include 
excellent mechanical and transport characteristics that can strengthen composite bulk 
properties of VES fluids and solid polymers at low volume concentrations. 
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Figure 1.2 shows near-perfectly synchronized units of CNT with its attendant high aspect 
ratio and surface area which provides distinguished characteristics favorable for 
reinforcement applications.          
The carboxyl, hydroxyl and carboxylate groups generated through surface-oxidation on 
the CNT structure replicates new reactive bond-chains that intensify the interfacial 
interactions of CNT with other heterogeneous groups [11].At elevated temperatures, the 
inherent van der Waals forces bonding nanoparticles influence agglomeration and gel 
characteristics owing to increased phase volume.   
 Aggregated domains of nanoparticles increasingly disrupt the streamlines and impact 
actively on rheological properties such as viscosity. Well-dispersed domains are 
developed from electrophilic concord arising from surfactant matrix-particle interactions, 
such as the hydrogen bonding between hydroxyl modified nanosilicates or carboxyl, 
hydroxyl and carboxylate groups etched on the CNT surface [10].  
1.5  Statement of the Problem 
Previous research did not consider the rheological properties and thermal stability of VES 
in the presence of multi-SW.       
Also, earlier research work did not consider ways of sustaining viscosity at high 
temperature by nanoadditive-inclusion.  
1.6  Thesis Objectives 
The specific objectives of this research thesis include:  
• To compare and contrast the rheology and thermal properties of the commercial 
and locally synthesized VES products. 
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• To study influence of salinity (mono, di and tri-valent counter-ions) on the 
rheology of select Viscoelastic Surfactant (VES). 
• To study the thermal stability of the select products under the influence of salinity 
and nanoparticles.  
• To evaluate the efficiency of the VES in the presence of Carbon Nanotubes 
(CNT) and Nano-clays (NC). 
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Figure 1.1 Schematic representation of layered silicates of the MMT units 
 
 
 
Figure 1.2 A schematic representation (above) CNT (below) oxidized and functionalized CNT  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Typical VES for Acid Diversion 
The following classes of VES find ready use in oilfield applications: cationic, anionic and 
zwitterionic.The relative advantages of each class determine its selectivity for a tailored 
purpose.                
In addition to conventional single-tailed or double-tailed roots connected to single head 
group surfactants, other types of surfactants displaying interesting properties have been 
developed. Amongst them, the bis (quaternary ammonium) surfactants have been found 
to form wormlike micelles at relatively low concentrations (1% or less) when the spacer 
is short [12].A table listing summary of common surfactants used in oilfield industry as 
diverting fluid was presented by [12].                 
The formulation of a viscoelastic surfactant as thickener to suspend particles using 
amphoteric, zwitterionic or amine-oxide with (in) organic salt/acid was discussed in [13]. 
Such retardation is useful to maintain the particles or droplets in suspension during the 
storage, use and/or transport of the suspension.   
 The reaction of one of benzoic acid flakes, wax, uintate and polymers in the presence of 
chlorides and gelling agents was used to prepare a well treatment fluid to be diverted into 
multiple subterranean formation with permeability contrast [14].   
A formula of self diverting acid based on amine-oxide recipe(gelling agent,co-
surfactant,acid and water) for a reversible thickener which acts as a barrier to further flow 
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and stimulate hydrocarbon-bearing formation whose chemical triggers are supplied by the 
geologic matrix [15].An aqueous surfactant solution comprising about 3-4% by weight, 
the co-surfactant at a concentration between 0.3 and 0.4% by weight and the acid 
concentration of about 25% by weight constituted the make-up.   
 An aqueous, acidic composition thickened with an amido-amine oxide gelling agent 
and/or viscoelastic surfactant is formulated for well treatment [16].Any known acid can 
be employed including but not limited to mineral acids, organic acids and the like. The 
concentration of the gelling agent in the aqueous composition is generally in the range of 
from about 0.5% to about 10% by weight, preferably from about 4% to about 6% by 
weight based on the total weight of the composition.  
In one patent the related use of one or more treatment stages that may be employed either 
before or after the introduction of the diverting agent to the formation using an amine-
oxide gelling agent and an acid, water and/or brine is discussed [17].The diverting agent 
is void of polymers, thereby reducing potential damage the diverting agent might do to 
the formation.        
 Cationic and anionic viscoelastic surfactants are used to prepare breaking fluids inside 
formation pores when using viscoelastic surfactant fluid systems as carrier and treatment 
fluids[18].Breaking inside the formation is accomplished without mechanical 
intervention or use of a second fluid. Acidic internal breakers such as sulfuric and nitric 
acids are used. The break may be accelerated, for example with a free radical propagating 
species, or retarded, for example with an oxygen scavenger.    
There are composition and methods for initiating, controlling or enhancing the breaking 
of surfactant gel with ortho ester breakers whose time breaking of the surfactant gels 
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could be delayed to a desired period thus allowing the breaker to hydrolyze to produce an 
acid and an alcohol; and allowing the acid and/or alcohol to interact with the surfactant 
gel residue so as to reduce the first viscosity of the surfactant gel residue to a second 
viscosity [19]. 
2.2  Modifying VES Chemistry 
Cationic surfactants have been found to form Wormlike Micelles (WLM) spontaneously 
at ambient temperature. A typical example includes the reaction between cetyltrimethyl-                     
ammonium bromide, (CTAB) and cetylpyridinium bromide, (CPBr).At relatively high 
surfactant concentrations, spherical aggregates transform into cylindrical equivalents 
because of electrostatics redistribution. The addition of co-surfactants or other suitable 
additives to the parent surfactant will result in aggregate elongation. These additives can 
be short alcohol chains, strongly binding counter ions, oppositely charged surfactants 
[20].  
The following summarizes some modified classes of surfactants from which the 
formation of WLM can be enhanced.  
2.2.1  Surfactant and Simple Salt 
Elongated aggregates result when simple salts such as sodium chloride (NaCl) or 
potassium bromide (KBr) are added to ionic surfactant solutions because the charges are 
screened as they interact  owing to mutual effects the of their respective  electrostatic 
fields
.
 The reaction between CTAB and KBr represents a characteristic WLM. The 
reactions between sodium dodecyl sulfate (SDS) and monovalent or multivalent counter-
ions represent other accomplished examples [20].    
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A viscoelastic surfactant fluid comprising an aqueous-base fluid, a surfactant and a metal 
ion having at least two oxidation states was formulated [19] wherein at least one of the 
oxidation states interferes with the ability of the surfactant to form a viscosifying micelle. 
The VES fluid may comprise iron which has at least iron II (Fe2+) and iron III (Fe3+) 
oxidation states. Other metals that may be included in the VES fluid are zinc, tin, 
chromium or any combination of suitable metal ions.  
2.2.2  Surfactant and Strongly Binding Counterion 
Strongly binding counterions otherwise called hydrotopes are small molecules wherein a 
large proportion is incorporated into the micelles. Electronically, they possess opposite 
charge to that on the surfactant.         
Hydrotopes can be aromatic phenyl group of salicylate, tosilate and chlorobenzoate 
counterions.Common micellar systems include CTAB or CPCl with sodium salicylate 
(NaSal) where elongated worms are formed spontaneously at the cmc (0.04 wt %), 
beyond the intervening spherical morphology phase [20].    
 The combination of polycationic compounds with Sodium Xylene Sulfonate, SXS (a 
strongly binding counterion) in water with or without additives can give rise to micellar 
formation. 
2.2.3 Nanoparticle Associated WLM 
A solution of CTAB and Sodium Nitrate with and without 30-nm silica nanoparticles was 
examined. The experiment utilized Micro-rheology, Dynamic Light Scattering, Cryo-
Transmission Electron Microscopy (TEM) and Small Angle Neutron Scattering (SANS). 
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The data showed that low concentrations of particles can significantly increase the low 
shear rate viscosity, relaxation time and storage modulus.      
The surface of the nanoparticles may interact with the endcaps of WLM and thereby act 
as junctions to network the micelles [8].    
In another study involving an amido-oxide surfactant solution with nanoparticles.The test 
fluid was 13.0 ppg CaCl2/CaBr2 with 2% by volume active amido-oxide surfactant and 
35-nm zinc oxide particles at 10pptg (0.08% by weight).The results showed manifold 
increase in the shear viscosity at a strain of 5% when nanoparticles are added. In the 
absence of nanoparticles, viscous modulus predominates. However, upon the addition of 
the zinc oxide nanoparticles, elastic modulus is dominant [9]. 
2.2.4 Reverse Micelles in Organic Solvent 
One important tissue in the lipid matrix of biological membranes is lecithin. Its 
dissolution in a non-polar solvent (an alkane) leads to formation of reverse spherical 
micelles. Elongation of the aggregates is enhanced by addition of little amount of water. 
The rheology of reverse micelles shows similarity to that of direct wormlike micellar 
solutions [20]. 
2.3 Thermally-Activated Chemical Functionalization of CNT 
The excellent attributes of CNT impose severe hurdles for tweaking covalent 
functionalization of the otherwise immuned nanotubes. Nanotubes are real structures 
because they contain some 1-3% vulnerable carbon planes formed during synthesis. 
These weak sites provide suitable locations for addition reactions to occur across the 
unsaturated bonds at these positions.       
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In this regard, three methods have been widely adopted in the covalent functionalization 
of SWCNT, namely: thermally activated chemistry, electrochemical modification and 
photochemical functionalization [21].       
The oxidation process for SWCNT involves extensive ultrasonic treatment in a mixture 
of concentrated nitric and sulfuric acid. The tubes are uncapped and holes sprout from the 
side walls, followed by wall-long oxidative etching and liberation of carbon dioxide, thus 
resulting in the formation of CNT between 100 and 300nm long.     
Ultrasonic treatment of the CNT in an aqueous surfactant solution has been shown to be 
effective under controlled ultrasonication, thus limiting damage to the tube walls.   
Nanotubes functionalized by the foregoing still retain their pristine electronic and 
mechanical properties [21].  
2.4 Ulrasonication of NC 
Using small amount of nanoclays, typically in the range of 3-5wt% results in 
improvements in mechanical properties of nanocomposites.      
In a particular study, 1phr, 2phr and 3phr (phr-parts per hundred rubber-this unit is 
common because nanoclay has been widely employed in the vulcanization of rubber) of 
nanoclay was used. Both resin and nanoclay were measured in weight and mixed in a 
beaker by using a sonication device for about 10 minutes. This method will come in 
handy for clayeying the VES products.      
Ultrasonics provides more energy to the mix and the silicate layers, so that the micelles 
would intercalate easily into the galleries between the silicate layers. Also, an ultrasonic 
bath promotes exfoliation and prevents formation of agglomerates. 
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2.5 Current Trends 
Sphere-shaped ZnO nanoparticle was used to boost the rheology of VES product up to 
120oC.The best dynamic shear test indicated 10Pa while the best steady shear test showed 
less than 2,000cp.Power law model was used as against Cross model for zero-shear 
viscosity analysis [5].      
A new VES has been developed that could be up to 150oC .All steady shear 
measurements indicated less than 1,000cp at all tested temperatures with the most 
improved showing 5,000cp.Also,power law model was used as against Cross model for 
zero-shear viscosity analysis [22].       
A new surfactant that was completely compatible with HCl, brine and high iron 
contamination in the presence of corrosion inhibitor was formulated. Rheological studies 
defined the operational temperature up to 160oC. Temperature sweep tests indicated less 
than 5Pa and 1000cp [23]. 
2.6 Rheological Models 
In order to come up with predictive values beyond the realm of the measuring 
instruments, several rheological correlations have been formulated that relate shear stress 
and strain rates in the laminar flow regime. The choice of suitable rheological model 
helps to determine accurately fluid behavior under varying flow conditions found in the 
oilfield.       
It has been shown that the reservoir sweep efficiency is mainly affected by the 
viscoelasticity of injected solutions. Increasing the sweep efficiency eliminates acid 
fingering problems and forces the acid to other zones which lead to better diversion 
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system [22]
.
 Hence, it becomes imperative to extract information of the VES fluid flow 
by means of rheological experiments.      
Macroscopic rheology studies dynamic mechanical analysis of the fluid behavior under 
small oscillations for specific geometric conditions.  
2.6.1 Linear Viscoelastic Regime (LVR) 
Various rheological tests can be used to collect information about the rheological 
properties of the fluid. To extract this information, it is essential that the fluid integrity is 
intact during live experiments for the range of shear rates and frequencies. Oscillatory 
tests have proven purposeful. In order to preserve the LVR, small amplitudes and low 
shear rates have to be applied.     
All viscoelastic fluids are non-Newtonian fluids but not all non-Newtonian fluids are 
viscoelastic fluids. In this regard, two corollaries suffice.      
The relaxation time for viscoelastic fluids is given by:  
( )
 1.2                                                
G
t
0
0
R
η
=     
( ) 2.2                                              G 00 ωη=            
η0 = zero-shear viscosity, Pa-s           
G0 = shear modulus, Pa             
tR = characteristic relaxation time, s           
ω= angular frequency, rads-1          
The first corollary is a representation of the shear viscosity term in the numerator in its 
modified forms while the second corollary deals with the shear modulus term in the 
denominator. 
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2.6.2 Corollary I: Steady Shear 
Some of the existing correlations for Non-Newtonian fluids include: Cross; Carreau; 
Bingham Plastic; Power-law; Sisko ; Herschel-Bulkley ; Casson; Robertson-Stiff and 
Ellis or Meter (for an exponent of unity it has been called the Williamson or Dougherty 
and Krieger model, while for an exponent of two it has been called the Philippoff model) 
models. It must be mentioned that of all the models, only the Carreau and Cross Models 
account for relaxation time constant, tR which is an indication viscoelasticity. 
2.6.3 Corollary II: Dynamic Shear 
The Maxwell and Kelvin-Voigt Models are two famous constitutive equations for shear 
modulus in viscoelastic fluids. The elastic springs (storage modulus) and dashpots 
(viscous modulus) are connected in series and parallel respectively. The storage and 
viscous moduli make up the shear modulus.        
The most general overall elastic, G’ and viscous, G” moduli response of real examples of 
structured liquids [24] is shown in Figure 2.1 
The glassy region represents an anti-climax to the transition to flow and the plateau 
regions. It signifies a yield portion where the VES can no longer meet its rheological 
needs.   As the glass transition changes due microstructure re-alignment or modification 
by additives, the physical properties of the material change. The G” once more 
predominates the G’ which implies that the VES loses its esteemed elasticity, flow 
characteristics and other material strengths. 
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Figure 2.1 The various regions in the viscoelastic spectrum of non-Newtonian liquids 
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2.6.4 Viscosity Definitions 
• Reduced Viscosity: The ratio of any viscosity function to the concentration of the 
solute.           
 
• Inherent Viscosity: A natural logarithmic function of the relative viscosity 
reduced by the solute concentration.        
 
• Intrinsic Viscosity: The zero concentration limiting value of the reduced specific 
viscosity. A characteristic function for the single molecule in solution.  
 
• Kinematic Viscosity: The ratio of the viscosity of a fluid to its density.   
 
• Relative Viscosity: The ratio of the viscosity in a solution or suspension to the 
viscosity of the suspending medium or solvent.      
 
• Specific Viscosity: The relative viscosity less unity.      
 
• Zero-shear Viscosity: The low shear rate of limiting value of the viscosity.   
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2.6.5 Viscosity Correlations 
Various correlations (Table 2.1) have been tweaked to determine the intrinsic viscosity 
and slopes/intercepts used to characterize the material at molecular levels of intra-action 
and inter-action. Several studies have revealed that the material conforms to a fit when 
one of ηr,ηsp and ηred in rather irrational forms is plotted against the concentration range 
of the solution with a characteristic maximum or plateau value at certain concentration(s). 
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Table 2.1 Various correlations available for obtaining intrinsic viscosity 
 
Model Correlation Remarks 
Huggins 
 
 [η] is intrinsic viscosity (dl/g),  
ηsp is the specific viscosity and  
ηr/c is the reduced viscosity (ηred) 
[25] 
Kraemer 
 
ηr is relative viscosity [26] 
Fouss- Strauss 
 
A is constant related to the 
dielectric constant of solvent, B and 
D are experimental constants [25]  
Fedors 
 
cm is polymer concentration 
parameter [25] 
Korecz-Csakvari-Tudos 
 
a0 is analogue of the intrinsic 
viscosity. a1viscometric 
characteristic [25] 
Sukpisan et al. 
 
As and Bs are constants related to 
the solution properties and 
molecular weight.  
cs is salt concentration [25] 
Tanglertpaibul and Rao 
 
 
Higiro et al. 
 
A is constant related to solution 
properties [26] 
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2.7 Thermal Analysis 
Thermal Analysis refers to the measurement of thermo-physical properties of materials 
over a temperature sweep/scan by making use of a suite of techniques. Thermal Analysis 
is essential to understanding the behavior of material under different heating and cooling 
rates, different gas pressures, inert and oxidation or reduction conditions.   
To determine these thermal properties, several methods suffice: Differential Thermal 
Analysis (DTA), Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis 
(TGA), Dilatometry (DIL), Evolved Gas Analysis (EGA), Dynamic Mechanical Analysis 
(DMA), Dielectric Analysis (DEA) etc. 
2.7.1 TGA 
Thermogravimetric Analysis (TGA) is one of the many thermal analytical techniques 
available. It evaluates sample-mass discrepancy as against temperature variations in the 
scanning mode or chronological variations in the isothermal mode by making 
instantaneous weighting of the sample within the ambience of a flow gas such as air or 
argon as the temperature rises subject to volume/form flexibility.       
Thermographic milestones such as desorption, absorption, sublimation, vaporization, 
oxidation, reduction and decomposition result in sample-mass discrepancy and are 
readily captured by the TGA.         
TGA tracks the thermal stability and decomposition products of materials under varying 
constraints of temperature and time [27] while simultaneously performing compositional 
analysis on the sample (when coupled with mass spectrometry).    
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TGA thermograms are specific to a given material since the chronological order of the 
temperature-wide physio-kinetic reaction differ and are dependent on the molecular 
permutations. 
Generally, three mass loss steps suffice for thermal stability of a nano-modified material. 
They include:             
(ai) Desolvation (Evaporation): Loss of adsorbed solvents and solvates manifested by 
physical changes only                     
(aii) Dehydration: Loss of bound hydrates which results in change in chemical make-up 
of the composite           
(b) Decomposition: chemical and thermal stability or otherwise involving;    
(bi) surfactant loss and                     
(bii) escape of nanoparticle units [28].  
2.8 NMR Model 
NMR is a phenomenon which occurs when the nuclei of certain atoms are immersed in a 
static strong magnetic field and precessed to a second oscillating magnetic field in the 
form of radiofrequency pulses. The spin system is excited by energy transfer and the state 
of the system changes accordingly. NMR utilizes Fourier Transformation (FT) to transit 
between the time and frequency domains.                 
After the pulse, the system relaxes back to its state of equilibrium, sending a weak signal 
that can be recorded.  
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2.8.1 Chemical Shift 
In a real sample, there are hundreds of spin systems, which all have frequencies different 
to the carrier frequency. This forms the basis of chemical shifts.      
The chemical shift of a nucleus is the difference between the resonance frequency of the 
nucleus and a standard, relative to the standard. This quantity is reported in parts per 
million (ppm).           
In VES solutions, for instance, properties such as the functional head group; average 
molar mass and the composition of co-surfactants are determined by 1H and 13C NMR 
spectroscopy. 
2.8.2 NMR 
H1 and C13 NMR Analyses form part of scaled-down investigation of the effect of 
nanoadditives on select commercially-available VES which had included bulk 
rheological and TGA-based thermal characterizations.            
Comprehensive measurements were performed on the samples to determine 
physiochemical properties based on observable molecular mechanisms. The composite 
samples were characterized for spectrum-wide functional group analysis and proton 
integration (only for H1 NMR).  
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CHAPTER 3 
METHODOLOGY 
3.1 Equipment and Materials 
3.1.1 Surfactant 
DIVE.vt.5.HT was obtained directly from the manufacturer Akzon Nobel, Inc.It 
includes:amides,tallow,N-(3-(dimethylamino)propyl),N-oxide(40-45wt%);Sodium 
Gluconate(1-3wt%);Ethanol(10-22wt%);Propylene-Glycol(10-22wt%);Water(12-20wt%) 
and Sodium Chloride(4-6wt%).It finds ready-made use in oil-field applications as a 
diverting agent in subterranean formations for matrix stimulation. 
3.1.2 Nanoparticle 
Two types of nanoparticles were considered for the modification of the surfactant: 
COOH-functionalized single-walled carbon nanotubes (CNT) with diameter of 1-2nm 
and length of 5-30µm.Its purity is 90wt% and functional content stands at 2.73wt% with 
ash content of less than 1.5wt% .It was obtained from cheaptubes. And organo-nanoclay 
platelets (NC) consisting of natural montmorillonite modified with a quaternary 
ammonium salt (cloisite 15A).It is modified by 2M2HT: dimethyl, dehydrogenated 
tallow, quaternary ammonium at a concentration of 125meq/100g clay. Moisture content 
is less than 2% and density is 1.66g/cc.It was purchased from the Southern Clay 
Products, Inc..The nanoparticles were used “as-is” from the supplier. 
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3.1.3 Multi-component Brine 
Table 3.1 shows the proportion of the dissolved solids (TDS 67,000ppm) in deionized 
water for brine preparation. The anhydrous components were first dissolved in the 
solvent and the hydrated salts were added to the initial mix. Thereafter, the salts were 
mixed using a magnetic bar stirrer, until they all dissolved in the deionized water. 
3.1.4 Recipe 
The nano-products and respective surfactant admixtures were subjected to ultrasound 
cavitation to achieve appropriate dispersion of the nano- particles. 
Each type of either nanoparticle was individually dispersed into separate 50mL batch for 
the critical micelle concentration (cmc) 4.4vol% of the VES at 0.1wt% loading. 
Sonication was performed between two 15minutes intervals to prevent irreconcilable 
distortion of the VES chains due to prolonged exposure to the exothermic process of 
bubble growth, high-energy impact and implosive collapse. The solutions were sonicated 
for half-hour at 60% amplitude and 60oC using the Vibra Cell Ultrasonicator as shown in 
Figure 3.1 
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Table 3.1  Composition of dissolved solids in the multi-component brine 
 
Salt Type Salt Loadings(g/L) 
NaCl 41.172 
Na2SO4 6.339 
NaHCO3 0.165 
CaCl2.2H2O 2.387 
MgCl2.6H2O 17.416 
Total Dissolved Solids (TDS) 67.479 
 
 
 
 
 
Figure 3.1 Sonicating one of the many samples 
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3.1.5 Rheology Characterization 
The steady and oscillatory rheological measurements were performed using the TA HR-3 
Discovery Rheometer (Figure 3.2) at 65oCand 95oC. The cell’s heat flux was regulated 
by a water reserve circulating from a Julabo high-temperature bath. 
Deionized water (DW) and the composite brines were used as solvent. The viscosity 
measurements were performed for different salt concentrations across mono-, di- and tri-
valent counter-ions and 0.1wt%nano-particle inclusion. 
To extract rheological information, it is essential that the gel integrity is intact during live 
experiments for the range of steady and dynamic shear .In order to preserve the Linear 
Viscoelastic Regime, a strain of 5 % amplitude was chosen for all the experiments from 
the amplitude sweep. 
3.1.6 Viscosity Measurement 
Solution viscosity was measured using a KV 3000 viscometer at various temperatures 
(i.e. 30, 65 and 80oC) and concentrations of 0.25, 0.50, 1.00 and 2.00g per 100ml of 
multi-component brine. The Ubbe-tube (Figure 3.3) was filled with 20ml of each VES 
solution and temperature was equilibrated for 20 minutes. Each run was repeated thrice 
for reproducibility purpose. The flow-through times for the solution were kept beyond 
200s by utilizing appropriate Ubbe-tube sizes such that the kinetic effect could be 
ignored. 
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•  
Figure 3.2 TA HR-3 Discovery Rheometer 
  
Figure 3.3 Ostwald Viscometer 
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3.1.7 TGA Characterization 
TGA analyses of the 10-30mg composite surfactant samples heated in an open Al2O3 
crucible were obtained using SDT Q1000 equipment (Figure 3.4) operated at ambient 
temperature to 250 °C at 5 °C/min and run over nitrogen purge gas (20 cm3/min).  
Decomposition products often clog the feed-tubules into the mass spectrometer, hence it 
was decoupled as a fail-safe proof and thus real-time compositional analysis is not 
included in this work, rather NMR characterization detailing functional group analysis of 
ambient and aged composites is substituted.        
3.1.8 NMR Characterization   
The accuracy of the proton NMR analysis can be optimized by a host of factors, notably 
the magnet field strength, the number of scans accumulated in the spectrum and the 
amount of sample available [29]. 
NMR measurements were carried out with Joel Instruments at 500MHz (Figure 
3.5).Sixteen scans were acquired for all 5mm tested samples dissolved in D2O solvent.  
Spectra analyses for H-NMR were picked in the following bandwidths, each assigned to 
iconic functional groups: 0.05-0.30ppm (TMS-Standard); 0.60-1.80 (aliphatic hydrogens, 
R-H); 1.80-3.20 (hydrogens in α-position to unsaturated carbons, =C-C-H); 3.20-4.40 
(hydrogens bound to alcoholic, ethereal or estereal carbons, O-C-H); 5.00-5.50 (acetalic 
and vinylic hydrogens,O-CH-O and =C-H); 6.50-8.50 (arylic hydrogens, Ar-H) [29]. 
The following bands are characteristic shifts for C13 NMR: 0-20ppm (TMS-Standard); 
20-60 (aliphatics); 20-80 (Halo-alkanes); 50-80 (oxygenates); 65-85 (alkynes); 100-150 
(alkenes); 160-185 (carboxylic acid derivatives). 
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Figure 3.4 SDT Q1000 series 
 
 
 
Figure 3.5 Joel Instruments at 500MHz 
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3.1.9 Coreflooding Test 
The results in the rhelogy section dictates that composite brine be utilized particularly for 
Mg2+ ions representative of the Silurian dolomite used in this study. Silurian dolomite 
cores were used to perform the fluid displacements; the porosities were around 21% and 
permeability ranged between 100 and 170md.  
15wt% HCl is mixed with 0.3vol% corrosion inhibitor in multi-component brine by 
magnetic stirrer. Thereafter, the solution rheology is reproduced by ultrasonicating with 
4.4vol% commercial VES by making up the brine volume.0.1wt% of CNT or NC is 
added accordingly.            
The 10” core samples are placed in a rock core holder and pressurized accordingly by 
exerting net overburden effect of 500psi. The cores are pre-saturated with KCl brine. The 
brine and acid are pumped chronologically through the cores at 3cc/min injection rate for 
pressure drop measurements across the cores while back-pressure of 1000psi is imposed 
to keep CO2 dissolved in solution.         
The cores were attenuated by X-rays for wormhole formation by means of Computed 
Tomography (CT) scanning [30].A schematic diagram showing the components of a 
typical coreflooding apparatus is shown in Figure 3.6 
3.2 Other Laboratory Equipment                                                          
The following equipment were also used during the course of this research;  
Magnetic Stirrers and Bars        
Oven           
Glass wares -Vials, Volumetric Flasks, Beakers etc. 
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Figure 3.6 AFS 200 Coreflooding Apparatus 
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CHAPTER 4 
RESULT AND DISCUSSION 
4.1 Viscosity 
The intrinsic viscosity was determined by the Higiro et al. model amongst other 
correlations which fell short. It was linearized and a straight-line relationship with high 
linear regression coefficients was obtained for the model. By using this model, the 
viscosity increases elastically by minimal increase in concentration. The model predicted 
4.1wt% as against the 4.5wt% put into actual use to generate 10,000cp in the laboratory 
for the commercial VES product. It is against this backdrop that the predicted amount of 
8.24wt% suffice to generate as much viscosity for the local VES which is limited in 
quantity.             
Table 4.1 shows the absolute value of the intercept, intrinsic viscosity and correlation 
coefficient for the Higiro et al. model for either VES product investigated.          
Figures 4.1(a) and 4.1(b) indicate initial rise in the ordinate values with little or no 
change as concentration is increased when ηr is plotted as a function of concentration for 
local and commercial VES respectively. Figure 4.1(c) shows constant viscosity gradient 
between the concentrations 0.25 to 2.0g/100 ml. This is due to interacting molecular 
chains and indicates that more quantity be loaded to attain gel status (ceteris paribus) 
similar to the commercial VES which was adopted as control in this research. The 
appendix contains a comprehensive collection of the results. 
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Figure 4.1(a) Higiro’s et al. Model for local VES 
 
Figure 4.1(b) Higiro’s et al. Model for commercial VES 
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Figure 4.1(c) Linearized Higiro’s et al. Model for commercial and local VES products 
 
Table 4.1  Derivables from Higiro et al. Model 
Derivable 
 
Concentration required to 
make 10,000cp 
Temp. 
(oC/F) A  
Regression 
Coefficient 
R2 
Predicted Actual 
LOCAL VES 
30/85 0.51 1.20 0.9974 8.24  
65/150 0.20 0.36 0.9867 30.05  
80/175 0.11 0.19 0.9921 60.09  
COMMERCIAL VES 
30/85 0.07 2.90 0.9980 4.10 4.46 
65/150 0.83 3.00 0.9982 3.13  
80/175 4.30 5.50 0.9999 1.41  
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4.2 Rheology 
Rheological properties of the batches were examined at 65°C and 95°C under steady and 
dynamic shear. The shear steady viscosities were fitted to cross model to extract the zero-
shear viscosities. The efficacy of the commercial VES product was investigated in the 
presence of single and multi-component brine in prelude to further treatment by 0.1 wt% 
each of carbon nanotubes and nanoclays additives and varying concentrations of  CaCl2 
and MgCl2 (1.0,3.0,5.0 and 10.0wt%)and FeCl3 (10000ppm).  
4.2.1 Single and Multi-component Brine 
The viscosity and the shear modulus of the commercial sample in deionized water (DW) 
and composite salt waters (SW) were measured to evaluate the product performance.                
The results are presented in Figures 4.2(a) to 4.3(b) and detailed table has been included 
in the appendix.             
At 65oC, for 3.5wt% NaCl brine, the solution exhibited a zero-shear viscosity of 
565.95Pas (Figure 4.2(a)).Increasing the loading to 6.0wt% resulted in a decrease in 
zero-shear viscosity to a value 430.06 Pas as against the 877.64Pas registered for the 
multi-component brine (Figure 4.2(b)). Correspondingly, a more elastic response was 
seen in dynamic shear with extremely long relaxation times with the 11.0Pa of the multi-
component brine being the highest (Figure 4.3(a)). Similar results sufficed at 95oC 
(Figure 4.3(b)).     
The dissolution of the product in multi-component brine was the obvious choice for 
further tests based on its high plateau moduli of 11.0 and 12.0Pa at 65oC and 95oC 
respectively and corresponding supreme values of zero-shear viscosity. 
38 
 
 
Figure 4.2(a) Steady Sweep for 4.4vol% VES in single and multi-component brines at 65oC    
 
Figure 4.2(b) Steady Sweep for 4.4vol% VES in single and multi-component brines at 95oC  
10-2 10-1 100
10-1
100
101
102
103
Shear Rate (1/s)
V
isc
o
sit
y,
 
η  
(P
a-
s)
 
 
VES IN DW
VES IN MULTI-COMPONENT BRINE
VES IN 3.5wt% NaCl BRINE
VES IN 6.0wt% NaCl BRINE
10-2 10-1 100 101 102
10-2
10-1
100
101
102
Shear Rate (1/s)
V
isc
o
sit
y,
 
η  
(P
a-
s)
 
 
VES IN DW
VES IN MULTI-COMPONENT BRINE
VES IN 3.5wt% NaCl BRINE
VES IN 6.0wt% NaCl BRINE
39 
 
 
Figure 4.3(a) Dynamic Sweep for 4.4vol% VES in single and multi-component brines at 65oC  
 
Figure 4.3(b) Dynamic Sweep for 4.4vol% VES in single and multi-component brines at 95oC 
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4.2.2 Divalent ion 
The effect of divalent ions on rheological properties was investigated by employing 
calcium and magnesium chloride as salts. A wide range of salinities – 1.0, 3.0, 5.0, and 
10.0% – was chosen for their effects on solution rheology.These salt weights represent 
measured effluents weights from typical core-flooding experiments spanning over a range 
of flow rates.       
Figures 4.12(a) to 4.13(b) and Figures 4.4(a) to 4.11(b) on the one hand compare the 
zero-shear variation for the Ca2+ ions while Figures 4.22(a) to 4.23(b) and Figures 4.14 
(a) to 4.21(b) on the other hand relates the zero-shear variation for the Mg2+ ions over the 
range of the salt loadings.                                                                                                     
The values of zero-shear viscosity and elastic modulus on salt loadings depicting a 
comprehensive collection for the various salt loadings of both divalent ions with the 
associated effects of nanoparticle inclusion can be found in the appendix.    
For the DW, with increased loadings from 1.0wt% to 10.0wt% for Ca2+ ions, there was 
900% rise for the ordinary batch, 170% dip from 1.0wt% to 3.0wt% and 600% rise from 
3.0wt% to 5.0wt% for the CNT-modified batch and 70% increase for the NC-included 
sample in the same range.(Figure 4.12(a))                                                            
For the SW,there was 67% dip from 1.0wt% to 3.0wt% and 500% rise from 3.0wt% to 
5.0wt%, for the ordinary batch, 135% rise from 1.0wt% to 3.0wt%  and 7.0% drop from 
3.0wt% to 5.0wt% for the CNT-modified batch and 50% increase for the NC-modified 
sample in identical range.(Figure 4.12(b))                                                              
Similarly, for Mg2+ ions, from 1.0wt% to 5.0wt% : there was 140% rise for the ordinary 
batch, 133% rise for the CNT-modified batch and 33% increase for the NC-included 
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batch. (Figure 4.22(a))                                                                                                                  
For the SW,67% rise from 1.0wt% through 5.0wt%, for the ordinary batch, 36% rise 
from 1.0wt%  through 5.0wt% for the CNT-included sample and 140% increase from 
1.0wt% to 3.0wt%  and 25% dip from 3.0wt% to 5.0wt%  for the NC-modified batch 
prevailed. (Figure 4.22(b))                                                                                                                          
The moduli have pronounced proportionality on salt loadings as temperature was 
increased from 65oC to 95oC and with CNT-inclusion up to10.0wt%.    
At 65oC, for 1.0wt% CaCl2 loading, the solution exhibited a zero-shear viscosity of 
around 357.68 Pas and 338.66Pas for DW and SW respectively. Increasing the loading to 
3.0wt% resulted in an increase in zero-shear viscosity to 599.26Pas for the DW on the 
one hand and a decrease to 251.01Pas for SW on the other hand.    
With nanoparticles inclusion of 0.1wt% of each to the 1.0wt% CaCl2 loadings, samples at 
1.0wt% showed drastic fall in viscosity plateau for the CNT nanoparticle at 160.91Pas 
and 154.58Pas for the NC-inclusion (Figure 4.4(a)).                               
At elevated temperature of 95oC, zero-shear viscosities expectedly fell but the CNT-
included batches resulted in the highest values of 33.36Pas for the DW and 60.55Pas for 
SW as against 14.67Pas for the DW and 41.86Pas for the SW for the non-included 
batches (Figure 4.4(b)).  For the 1.0wt% MgCl2 loading however, progressive values of 
403.88 for DW and 249.36Pas for SW were obtained for the CNT loading; and 327.05 for 
DW and 455.73Pas for SW for the NC loading respectively compared to the untreated 
batch’s of 135.03Pas for DW and 242.66Pas for SW,all measured at 65oC (Figure 4.14 
(a)).         
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At 95oC, similar trends were observed with values of 16.26 for DW and 55.77Pas for SW 
obtained for the CNT loading; and 13.84Pas for DW and 23.67Pas for SW for the NC 
loading respectively compared to the untreated batch’s of 4.94Pas for DW and 30.99Pas 
for SW (Figure 4.14(b)).         
The plateau moduli where applicable, were found to increase with temperature rise, 
especially with the inclusion of CNT.For the 1.0wt% CaCl2 for instance; at 65oC, 6.0Pa 
for DW and 1.5Pa for SW for the ordinary batches measured against 6.0Pa for DW and 
4.5Pa for SW for the CNT-included batches and 8.0Pa for DW and 4.0Pa for SW for the 
NC-included batches (Figure 4.5(a)). On increasing the temperature to 95oC.the CNT-
included batches resulted in 8.0Pa and 11.0Pa for the DW and SW respectively compared 
to the NC-included sample with 6.0Pa for SW with no plateau value for the DW 
equivalent and 7.0Pa for SW with no plateau value for the DW for the ordinary batches 
(Figure 4.5(b)). 
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Figure 4.4(a) Steady Sweep for 1.0wt% CaCl2 in deionized water and multi-component brine at 65oC 
 
Figure 4.4(b) Steady Sweep for 1.0wt% CaCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.5(a) Dynamic Sweep for 1.0wt% CaCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.5(b) Dynamic Sweep for 1.0wt% CaCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.6(a) Steady Sweep for 3.0wt% CaCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.6(b) Steady Sweep for 3.0wt% CaCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.7(a) Dynamic Sweep for 3.0wt% CaCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.7(b) Dynamic Sweep for 3.0wt% CaCl2 in deionized water and multi-component brine at 65oC 
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Figure 4.8(a) Steady Sweep for 5.0wt% CaCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.8(b) Steady Sweep for 5.0wt% CaCl2 in deionized water and multi-component brine at 95oC 
10-2 10-1 100
10-1
100
101
102
103
Shear Rate (1/s)
V
isc
o
sit
y,
 
η  
(P
a-
s)
 
 
VES IN DW
VES IN SW
VES + 0.1wt% CNT IN DW
VES + 0.1wt% CNT IN SW
VES + 0.1wt% NC IN DW
VES + 0.1wt% NC IN SW
10-2 10-1 100 101
10-1
100
101
102
103
Shear Rate (1/s)
V
isc
o
sit
y,
 
η  
(P
a-
s)
 
 
VES IN DW
VES IN SW
VES + 0.1wt% CNT IN DW
VES + 0.1wt% CNT IN SW
VES + 0.1wt% NC IN DW
VES + 0.1wt% NC IN SW
48 
 
 
Figure 4.9(a) Dynamic Sweep for 5.0wt% CaCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.9(b) Dynamic Sweep for 5.0wt% CaCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.10(a) Steady Sweep for 10.0wt% CaCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.10(b) Steady Sweep for 10.0wt% CaCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.11(a) Dynamic Sweep for 10.0wt% CaCl2 in deionized water and multi-component brine at 65oC 
 
Figure 4.11(b) Dynamic Sweep for 10.0wt% CaCl2 in deionized water and multi-component brine at 95oC  
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Figure 4.12(a) Distribution of zero-shear viscosities for increasing CaCl2 weights in DW at 65oC 
 
Figure 4.12(b) Distribution of zero-shear viscosities for increasing CaCl2 weights in SW at 65oC 
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Figure 4.13(a) Distribution of zero-shear viscosities for increasing CaCl2 weights in DW at 95oC 
 
Figure 4.13(b) Distribution of zero-shear viscosities for increasing CaCl2 weights in SW at 95oC 
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Figure 4.14(a) Steady Sweep for 1.0wt% MgCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.14(b) Steady Sweep for 1.0wt% MgCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.15(a) Dynamic Sweep for 1.0wt% MgCl2 in deionized water and multi-component brine at 65oC 
 
Figure 4.15(b) Dynamic Sweep for 1.0wt% MgCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.16(a) Steady Sweep for 3.0wt% MgCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.16(b) Steady Sweep for 3.0wt% MgCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.17(a) Dynamic Sweep for 3.0wt% MgCl2 in deionized water and multi-component brine at 65oC 
 
Figure 4.17(b) Dynamic Sweep for 3.0wt% MgCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.18(a) Steady Sweep for 5.0wt% MgCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.18(b) Steady Sweep for 5.0wt% MgCl2 in deionized water and multi-component brine at 95oC  
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Figure 4.19(a) Dynamic Sweep for 5.0wt% MgCl2 in deionized water and multi-component brine at 65oC 
 
Figure 4.19(b) Dynamic Sweep for 5.0wt% MgCl2 in deionized water and multi-component brine at 95oC 
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Figure 4.20(a) Steady Sweep for 10.0wt% MgCl2 in deionized water and multi-component brine at 65oC  
 
Figure 4.20(b) Steady Sweep for 10.0wt% MgCl2 in deionized water and multi-component brine at 95oC  
10-2 10-1 100
10-1
100
101
102
103
Shear Rate (1/s)
V
isc
o
sit
y,
 
η  
(P
a-
s)
 
 
VES IN DW
VES IN SW
VES + 0.1wt% CNT IN DW
VES + 0.1wt% CNT IN SW
VES + 0.1wt% NC IN DW
VES + 0.1wt% NC IN SW
10-2 10-1 100 101
10-1
100
101
102
103
Shear Rate (1/s)
V
isc
o
sit
y,
 
η  
(P
a-
s)
 
 
VES IN DW
VES IN SW
VES + 0.1wt% CNT IN DW
VES + 0.1wt% CNT IN SW
VES + 0.1wt% NC IN DW
VES + 0.1wt% NC IN SW
60 
 
 
Figure 4.21(a) Dynamic Sweep for 10.0wt% MgCl2 in deionized water and multi-component brine at 65oC 
 
Figure 4.21(b) Dynamic Sweep for 10.0wt% MgCl2 in deionized water and multi-component brine at 95oC 
10-1 100 101
100
101
Frequency (rad/s)
El
as
tic
 
 
M
o
du
lu
s,
 
G
' 
(P
a)
 
 
VES IN DW
VES IN SW
VES + 0.1wt% CNT IN DW
VES + 0.1wt% CNT IN SW
VES + 0.1wt% NC IN DW
VES + 0.1wt% NC IN SW
10-1 100 101
10-2
10-1
100
101
Frequency (rad/s)
El
as
tic
 
 
M
o
du
lu
s,
 
G
' 
(P
a)
 
 
VES IN DW
VES IN SW
VES + 0.1wt% CNT IN DW
VES + 0.1wt% CNT IN SW
VES + 0.1wt% NC IN DW
VES + 0.1wt% NC IN SW
61 
 
 
Figure 4.22(a) Distribution of zero-shear viscosities for MgCl2 weights in composite waters at 65oC for DW 
 
Figure 4.22(b) Distribution of zero-shear viscosities for MgCl2 weights in composite waters at 65oC for SW 
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Figure 4.23(a) Distribution of zero-shear viscosities for MgCl2 weights in composite waters at 95oC for DW 
 
Figure 4.23(b) Distribution of zero-shear viscosities for MgCl2 weights in composite waters at 95oC for SW 
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4.2.3 Trivalent ion 
Tests were conducted at 10,000ppm FeCl3, which represents the typical amount of rust 
found in mixing tanks.            
Likewise, the FeCl3 salt was subjected to DW and SW treatments and the results are 
presented in Figures 4.24(a) and 4.24(b).A table has been included in the appendix for 
detailed listing.                
At 65oC, the zero-shear viscosity for the SW treated mix was about 265.48 Pas, this value 
represents the highest for all the batches but it declined sharply to 4.33Pas (Figure 4.24 
(a)).The CNT-included dispersion in DW is the only batch that showed increment in 
zero-shear viscosity from 6.53 to 59.33Pas at 65 to 95oC respectively (Figure 4.24(b)).A 
full listing of the steady and dynamic shear values has been included in the appendix.                          
But for the NC-included particle for DW, all batches showed no Gp.  
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Figure 4.24(a) Steady Sweep of 10,000ppm FeCl3 and 4.4v%VES in DW and multi-component brine at 65oC 
 
Figure 4.24(b) Steady Sweep for 10,000ppm FeCl3 and 4.4v%VES in DW and multi-component brine at 95oC  
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4.2.4 Discussion 
The size and architecture of the flocs formed play a major role in determining the 
rheology and physical stability of the dispersion. The effective phase volume of the 
flocculated suspension is much higher than the real phase volume of the particles, and 
hence the viscosity of the suspension is much higher [24] as seen in all cases for the 
cations tested. The enhancement in rheology at elevated temperatures is reflected in the 
plateau modulus,Gp which increased for all the cases for at least one of the CNT/NC-
inclusion. As seen in the all dynamic shear figures for the divalent counter-ions, storage 
modulus increased with the inclusion of nanoparticles though by different proportions. 
The shape of the nanoparticle i.e the cylindrical CNT or the platelet configuration of the 
NC also contributed to a high end-cap energy Ec (the energy required to create two end 
caps by breaking a micelle), thus favoring the growth of longer micelles as shown in all 
the steady shear figures. 
Shape does matter, since the increase in viscosity comes from the diversion of 
streamlines in the flow as they are redirected around particles, thus leading to an increase 
in the viscous energy dissipation, i.e. viscosity. The thickening effect of particles with 
respect to their shape follows the descending order of rods > plates > cubes/grains > 
spheres, when the same phase volume of particles is added to a liquid [24]. 
The Gp correlates with the number density of wormlike chains incorporated into the 
entanglement network [31],whose growth and stability are in general described in terms 
of packing of the surfactant molecules that are governed by the shape of the participating 
nanoparticles which play vital roles in the interaction with the surfactant moieties.  
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The kinetics of the micelle formation and breakdown is based on multiple equilibria, in 
which the micelles grow or shrink by stepwise incorporations or dissociations of 
monomers largely driven by thermodynamic imposition and as such the plateau moduli 
are highest at 95oC for the multi-component brine sample. This also suggests that the 
high surface-to-volume ratios of CNT/NC affect the morphology of the VES 
considerably at elevated temperature and increased salinity.     
The frequency spectrum at 95°C for all the salt loadings showed that the crossover point 
shifted to lower frequencies as the nano-particles were included. This is indicative of 
retarding capabilities of the nanoparticles which is a pre-requisite for deep penetration 
atoptimum Damkholer Number (Da), and at tR later, the micelles aggregate to divert 
pumped gelled acids into other portions of lesser permeability. 
4.3 TGA 
Typical thermogravimetric curves indicating the thermal stability or otherwise of a 
locally-synthesized VES, functionalized CNT and modified NC all in pulverized forms 
are compared first within the 250oC range which includes equilibrating at 150oC for 
20minutes. In this temperature range, both the local VES and NC showed thermal 
consistency up to 180oC, with a loss of 3% and 4% respectively in the first 110oC, over 
the CNT with over-all 5% mass loss (Figures 4.25(a) and 4.25(b)). 
Characteristic thermogravimetric curves are shown for the select rheologically-efficient 
VES gels in figures 4.26(a) – 4.28(b), illustrating mass losses due to solvent desorption 
and dehydration. It is noted that the TGA plots of the (un)modified surfactants have one 
mass loss step between ambient temperature and 250 °C. Evaporation of free (unbound) 
solvent takes place from the ambient to 110 °C range and is dominated by solvent 
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desorption due to nitrogen flow over the samples. Dehydration occurs above 110oC up to 
the temperature the curves flatten and is due to the loss of hydration solvent from the 
cations.  
The locus of points on the curve prior to flattening showed solvent losses which impact 
strongly on the bulk rheological properties. Water loss is indicative of declining viscosity.    
Figures 4.26(a) and 4.26(b) show that both the NC and CNT-included surfactants 
accounted for 35% mass loss as free solvent while 43% was lost of the original mass for 
the ordinary VES sample and a further loss of 9% was recorded owing to bound solvent 
loss effect up to 125oC. A frugal quantity of solvent was lost as hydrated solvent due to 
inhibition of swelling organo-clays in the water phase by the CaCl2 salt, thus limiting the 
solvent loss to predominantly evaporation. 35% was lost in the CNT-included sample up 
to 220oC.This makes CNT-included recipe effective for high-temperature reservoirs. 
The NC and CNT-included particles surfactants accounted for 40 and 50% mass loss 
respectively as free solvent while 57% was lost of the original for the ordinary VES 
sample as shown in Figures 4.27(a) and 4.27(b). Further loss of 33% was recorded for 
the original owing to bound solvent loss effect up to 120oC while another 45% was lost in 
the CNT-included sample up to 215oC.32% of the original was lost as hydrated solvent in 
the NC-included sample just above 130oC.This reasserts the findings that the CNT-
included hybrid makes for efficient application in subterranean formations with high in-
situ temperature.   
The hydrophilic potentials of the interface are improved by functionalization as the 
inherent van der waals forces contribute to bound solvents tenacity between hydrated 
cations and CNT units at elevated temperatures.  
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Exfoliation of clay platelets within the surfactant moieties results in hydrophilic-biased 
interfaces and exaggerates the inter-layer basal spacing,[28]thus strengthening the 
bonding with the hydrated cations which increase its rheological characteristics at high 
temperatures.        
In figures 4.28(a) and 4.28(b), for the uninitiated surfactants, 35% solvent loss up to 
110oC was due to evaporation while bound solvent loss resulted in a further 65% mass 
loss up to 122oC.However, for the CNT-included sample, 40% of the original was lost as 
free solvent while a further 60% was lost further as bound solvent up to 120oC.Both were 
used up completely at about 120oC owing to the dehydration of large mass of the 
hydrates in FeCl3.6H2O. The low melting temperature of the FeCl3.6H2O at 37oC also 
contributed to the loss of gel characteristics and mass consumption.   
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Figure 4.25(a) TGA curves for pulverized form of select materials up to 250oC 
 
Figure 4.25(b) Annotated TGA curves for pulverized form of select materials up to 250oC 
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Figure 4.26(a) TGA curves for composite CaCl2 concentrations in composite waters 
 
Figure 4.26(b) Annotated TGA curves for composite CaCl2 concentrations in composite waters 
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Figure 4.27(a) TGA curves for composite MgCl2 concentrations in composite waters 
 
Figure 4.27(b) Annotated TGA curves for composite MgCl2 concentrations in composite waters 
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Figure 4.28(a) TGA curves for composite 10,000ppm FeCl3 concentration 
 
Figure 4.28(b) Annotated TGA curves for composite 10,000ppm FeCl3 concentration 
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4.4 C13 NMR 
The C-13 spectroscopy was employed to discriminate between the following local and 
commercial VES products. (i) Local VES in chloromethane at 30oC ; (ii) Commercial 
VES in chloromethane at 30oC; (iii) Local VES in chloromethane at 130oC; (iv) 
Commercial VES in chloromethane at 130oC.      
Both formulae showed vulnerability in the alkyne band of 65-85ppm.Wheras the 
commercial version indicated peaks in the alkene band of 100-150ppm; it was 
conspicuously missing in the local VES product. Also, both products indicated similar 
peaks in the 20-60; 20-80; 50-80 and 160-185 chemical shifts. (Figure 4.29) 
4.5 H NMR 
H NMR spectra of the following representative samples: (ia) 4.4v% VES in Deionised 
Water (DW) at 60oC ; (iia) 4.4v%VES in Salt Water (SW) at 60oC; (iiia) 5.0wt% CaCl2 + 
4.4v%VES in DW at 60oC; (iva) 3.0wt% CaCl2 + 4.4v%VES + 0.1wt% NC in DW at 
60oC; (va) 10.0wt% CaCl2 + 4.4v%VES + 0.1wt% CNT in SW at 60oC ; (ib) 4.4v% VES 
in Deionised Water (DW) at 130oC ; (iib) 4.4v%VES in Salt Water (SW) at 130oC; (iiib) 
5.0wt% CaCl2 + 4.4v%VES in DW at 130oC; (ivb) 3.0wt% CaCl2 + 4.4v%VES + 0.1wt% 
NC in DW at 130oC; (vb) 10.0wt% CaCl2 + 4.4v%VES + 0.1wt% CNT in SW at 130oC ; 
(via) 1.0wt% MgCl2 + 4.4v%VES in SW at 60oC; (viia) 3.0wt% MgCl2 + 4.4v%VES + 
0.1wt% NC in SW at 60oC; (viiia) 10.0wt% MgCl2 + 4.4v%VES+ 0.1wt% CNT in DW at 
60oC ; (vib) 1.0wt% MgCl2 + 4.4v%VES  in SW at 130oC; (viib) 3.0wt% MgCl2 + 
4.4v%VES  + 0.1wt% NC in SW at 130oC; (viiib) 10.0wt% MgCl2 + 4.4v%VES + 
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0.1wt% CNT in DW at 130oC ; are presented in figures 4.30(a) and 4.30(b) for CaCl2 
salt composites as well as figures 4.31(a) and 4.31(b) for MgCl2 salt composites.  
Typical output contours of the proton NMR spectra were generated by convoluted signals 
over a series of contiguous bandwidths deriving from a vast proportion of intrinsic 
elements, superimposed by characteristic peaks produced by the dominant substances 
[29].         
Figure 4.30(a) shows strong signals for samples (ia) in the 0.96-1.02ppm and 3.18-3.50 
ppm and (iia) 0.98-1.04ppm and 3.50-3.51ppm ranges due to alkylic hydrogens and 
hydrogens attached to alcohol, ether or ester-bearing carbons respectively.  
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Figure 4.29 The various chemical-shifts found in the C13 NMR spectrum for commercial and local VES 
 
 
 
(i):Local VES  at 30oC 
(ii): Commercial VES at 30oC 
(iii): Local VES  at 130oC 
(iv): Commercial VES at 130oC 
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The spectra of other CaCl2 composite samples showed similar patterns regarding the 
identified chemical shifts. Spiky, sharp and crammed peaks were found in the aliphatic 
part of these spectra, (iiia) 0.98ppm and 3.29-3.40ppm; (iva) 1.02ppm and 3.31-3.77ppm 
and (va) 0.99-1.05ppm and 3.30-3.52ppm which could be attributed to presence of alkylic 
hydrogens and hydrogens attached to alcohol, ether or ester-bearing carbons.  
This similarity is connected with the fact that chemical shifts are solvent and temperature 
dependent, thus samples (ia)-(va) showed identical trends at the same temperature of 
60oC.However, by ageing the nanoparticle-included samples at 130oC,a new band was 
observed in the 1.80-3.20ppm range for samples: (ib)1.87-2.10ppm and 3.00-
3.09ppm;(iib)1.99-2.17ppm and 3.09-3.16ppm;(iiib)1.89-2.15ppm and 3.083.12ppm; 
(ivb) 2.05-3.15ppm and(vb) 1.87-3.11ppm as shown in figure 4.30(b).This is due to the 
hydrogens in α-position to unsaturated carbons, =C-C-H. Extra protons provided by the 
COOH-functionalized CNT to the VES chains on the one hand and the quarternary amine 
modified NC which can undergo dealkylation to the VES chains on the other, under harsh 
conditions (high temperatures) usually results in chain reputations which impact greatly 
on physical characteristics such as solubility in water, thermal resilience, viscosity and 
shear modulus.                                      
The pristine VES samples is a mixture of various compounds and so are the products of 
the nanoparticle-inclusions,thus integrals showing relative proton abundance in this 
bandwidth were measured and are presented in Table 4.2.The aged CNT-included 
sample showed the highest relative number of protons (hydrogen) available for bonding. 
This can be attributed to the unlocking of the pi bonds in CNT which allows them to 
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combine with other chemical groups, due to reactive COOH group localized on the 
defects found around its tip and wall-fence.       
Similar bands in the range 3.20-4.40ppm corresponding to the presence of hydrogens 
attached to alcohol, ether or ester-bearing carbons were observed for all samples of CaCl2 
and MgCl2 salt composites, as well as the pristine samples in DW and SW.                  
The unassuming peaks located in this width indicate that long aliphatic chains, such as 
those of fatty acids, are not particularly abundant in these samples [29].     
In figure 4.31(a), the tall, jagged spikes in the aliphatic part of the spectra and the broad, 
undulating contours in oxygenates width characterize the samples (via) 1.00-1.04ppm and 
3.28-3.51ppm, (viia) 0.99-1.10ppm and 3.99-4.00ppm and (viiia) 1.00-1.04ppm and 
3.51ppm which showed similar patterns with respect to the main identified bands of 
samples (ia) and (iia).          
The spectra in the 1.80-3.20ppm range for samples (ib), (iib), (vib) 1.93-2.18ppm; 3.08-
3.15ppm), (viib) 1.93-2.08ppm; 3.09ppm and (viiib) 3.08ppm differed markedly from the 
blank samples (ia),(iia),(via),(viia) and (viiia) with the appearance of intense band typical 
of hydrogens in α-position to unsaturated carbon atoms (HC-C=) as shown in figure 4.31 
(b). The proton integrals are presented in Table 4.3 and superior bonding potentials 
manifested in the aged CNT-included sample over others.                                             
Further downfield, for sample (viiib), the aromatic hydrogen atoms appeared in its 
spectrum. Arylic hydrogen atoms account for the bandwidth in the 6.5-8.5ppm range that 
showed a distinct peak at 8.32 for (viiib). The aromatic rings of the carboxyls groups 
carry both electron-withdrawing and donating species and impose inductive effects in this 
78 
 
region. This range was absent in samples (vib) and (viib) because they must have been 
masked by exchange with traces of water. 
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Table 4.2  Integration of H NMR Spectra for each composite sample of CaCl2 at different temperatures 
 
 
 
 
Sample 
Peak Integrals Relative Number of protons 
 
 
 
R-H 
Shift
 
(ppm) 
 
 
 
=C-C-H  
Shift
 
(ppm) 
 
HC–OH ; 
HC–OR; 
RCOO-CH  
Shift 
(ppm) 
 
 
 
Ar-H  
Shift 
(ppm) 
 
 
 
R-H 
Shift
 
(ppm) 
 
 
 
=C-C-H  
Shift
 
(ppm) 
 
HC–OH ; 
HC–OR; 
RCOO-CH  
Shift 
(ppm) 
 
 
 
Ar-H  
Shift 
(ppm) 
Composite CaCl2 Samples at 60oC 
(ia) 77.02 - 70.92 1.00 77 - 71 1 
(iia) 1.57 - 1.00 - 2 - 1 - 
(iiia) 1.08 - 1.00 - 1 - 1 - 
(iva) 4.47 - 5.57|1.00 - 5 - 6|1 - 
(va) 5.91 - 4.55|1.00 - 6 - 5|1 - 
Composite CaCl2 Samples at 130oC 
(ib) 5.35 0.91|2.07 1.00 - 6 1|2 1 - 
(iib) 5.91 0.90|2.37 1.00 - 7 1|3 1 - 
(iiib) 17.37 2.65|4.79 3.99|1.00 - 17 3|5 4 - 
(ivb) 1.80 0.25 1.00 - 7 1 4 - 
(vb) 32.37 0.23|2.55|12.22 6.76|1.00 - 141 1|11|53 29|4 - 
 
Table 4.3  Integration of H NMR Spectra for each composite sample of MgCl2 at different temperatures 
 
 
 
 
Sample 
Peak Integrals Relative Number of protons 
 
 
 
R-H 
Shift
 
(ppm) 
 
 
 
 
=C-C-H Shift
 
(ppm) 
 
HC–OH ; 
HC–OR; 
RCOO-CH  
Shift 
(ppm) 
 
 
 
Ar-H  
Shift 
(ppm) 
 
 
 
R-H 
Shift
 
(ppm) 
 
 
 
=C-C-H 
Shift
 
(ppm) 
 
HC–OH ; 
HC–OR; 
RCOO-CH  
Shift 
(ppm) 
 
 
 
Ar-H  
Shift 
(ppm) 
Composite MgCl2 Samples at 60oC 
(ia) 77.02 - 70.92 1.00 77 - 71 1 
(iia) 1.57 - 1.00 - 2 - 1 - 
(via) 2.13 - 0.92 - 2 - 1 - 
(viia) 1.61 4.02 0.63|0.52 - 3 8 1|1 - 
(viiia) 1.08 - 1.00 - 1 - 1 - 
Composite MgCl2 Samples at 130oC 
(ib) 5.35 0.91|2.07 1.00 - 6 1|2 1 - 
(iib) 5.91 0.90|2.37 1.00 - 7 1|3 1 - 
(vib) 4.08 0.63|1.22 1.00 - 7 1|2 2 - 
(viib) 3.60 8.17|1.37 1.00 - 4 8|1 1 - 
(viiib) 0.62 0.31 1.00 0.04 16 8 25 1 
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Figure 4.30(a) The various chemical-shifts found in the H NMR spectrum for composite CaCl2 loadings at 60oC 
 
(ia):4.4v%VES  in DW  
(iia):4.4v%VES  in SW  
(iiia):5.0wt% CaCl2 + 4.4v%VES  in DW 
(iva):3.0wt% CaCl2 + 4.4v%VES + 0.1wt% NC in DW 
 
(va): 10.0wt% CaCl2 + 4.4v%VES + 0.1wt% CNT in SW  
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Figure 4.30(b) The various chemical-shifts found in the H NMR spectrum for composite CaCl2 loadings at 130oC 
 
(ib):4.4v%VES  in DW 
(iib):4.4v%VES in SW  
(iiib):5.0wt% CaCl2 + 4.4v%VES   in DW  
(ivb):3.0wt% CaCl2 + 4.4v%VES + 0.1wt% NC in DW 
 
(vb): 10.0wt% CaCl2 + 4.4v%VES  + 0.1wt% CNT in SW 
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Figure 4.31(a) The various chemical-shifts found in the H NMR spectrum for composite MgCl2 loadings at 60oC 
 
(ia):4.4v%VES in DW  
(iia):4.4v%VES  in SW  
(via):1.0wt% MgCl2 + 4.4v%VES  in SW  
(viia):3.0wt% MgCl2 + 4.4v%VES + 0.1wt% NC in SW 
 
(viiia):10.0wt% MgCl2 + 4.4v%VES + 0.1wt% CNT in DW 
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Figure 4.31(b) The various chemical-shifts found in the H NMR spectrum for composite MgCl2 loadings at 
130oC 
(ib) 
(iib) 
(vib) 
(viib) 
(viiib
) 
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4.6 Coreflooding 
Figures 4.32 – 4.35 represent the acid response curves for each of the regular, gelled and 
nanoparticle-modified acids employed during the acidizing process. In these curves, the 
pressure drop, ∆p is plotted against the pore volume injected, PVI. Breakthrough 
occurred at 2.0 and 2.5 pore volumes for the regular and the CNT-modified gelled acids 
respectively (Figures 4.32 and 4.34). ∆p rose to 450psi and minor fluctuations took place 
at 270psi for the regular acid. This is seconded by the large diameter wormholes shown in 
figure 4.36. 
The propagation of the CNT-modified gelled acid took place at a higher ∆p of 1700psi 
maximum and pressure fluctuations at 900psi.Narrow wormholes are a product of the 
choking effects of the built gel (Figure 4.38) at the investigated temperature of 65oC. 
Figures 4.37 and 4.39 reveal the wormholing patterns development for the gelled and the 
NC-modified gelled acids respectively. Either figure shows the termination of the 
wormholes at similar distance down-core. Correspondingly, the ∆p reached the cut-off 
limit of 2300psi for the transducers as shown in figures 4.33 and 4.35 at the 3cc/min 
injection rate. The gel build-ups in these instances are principally responsible for high 
levels of ∆p attained and restricted length of wormhole traversed. 
The formation of wormholes through the cores is CT-clear after acidizing. The pressure 
sinusoids correlate positively with the findings in the solution rheology for Mg2+ at 65oC 
of these products.  
These trends are also expected to re-manifest at high temperatures of 95oC at which the 
solution rheology was investigated and higher temperatures.  
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Figure 4.32 Pressure response curve for regular acid 
 
Figure 4.33 Pressure response curve for gelled acid 
0 0.5 1 1.5 2 2.5
0
50
100
150
200
250
300
350
400
450
500
PVI
D
el
ta
 
p 
(p
si)
 
 
Regular Acid
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
500
1000
1500
2000
2500
PVI
D
el
ta
 
p 
(p
si)
 
 
Gelled Acid
86 
 
Figure 4.34 Pressure response curve for CNT-modified gelled acid 
Figure 4.35 Pressure response curve for NC-modified gelled acid 
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Figure 4.36 Wormholing phenomenon before (left) and after acidizing(right) with regular acid 
 
  
 
Figure 4.37 Wormholing phenomenon before (left) and after acidizing(right) with gelled acid 
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Figure 4.38 Wormholing phenomenon before (left) and after acidizing(right) with gelled acid modified by CNT 
 
  
Figure 4.39 Wormholing phenomenon before (left) and after acidizing(right) with gelled acid modified by NC 
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CHAPTER 5 
CONCLUSION AND RECOMMENDATION 
5.1 Conclusion 
The commercial VES required less amount (predicted: 4.1wt%; actual: 4.5wt %) to make 
a gel of at least 10,000cp at 30oC, compared to the local VES which required (predicted) 
approximately 8.3wt% based on the Higiro Model.       
When aged at 130oC, unsaturated bands showed up in both products, however, C-13 
NMR indicated an alkene band for the commercial product which is conspicuously absent 
in the local formula.          
Multi-component brine showed better rheology over the single-component brine.              
For the mixtures involving Ca2+ ions loadings, the viscosity fell by order of two and for 
the Mg2+ ions loadings, the viscosity likewise fell by order of four.                                        
At 65oC,the ordinary surfactant showed superior characteristics using DW for Ca2+ while 
the NC-modified surfactant showed supreme properties using SW for Mg2+
.
   
At 95oC, the CNT-modified surfactant showed much superior rheology using SW for 
both Ca2+ and Mg2+ .                                   
Sinusoidal change in the viscosities was observed. This is consistent with coreflooding 
observations.            
The CNT-modified surfactant in the CaCl2 solvent showed better thermal performance 
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than the MgCl2 solvent for reasons owing to larger ionic radius and prevalent water of 
crystallization.          
Differences occurred owing to the emergence of =C-C-H band in the functional group of 
the aged compositions for either divalent ion investigated. This was further confirmed by 
the measure of the peak integrals which showed abundant protons available for variant 
bondings for the aged NP-included samples.       
The gelled and NC-included gelled acids will do well as diverting agents at 65oC as 
against the regular and the CNT-included gelled acids which showed less tendency for 
acid diversion.  
5.2 Recommendation for Future Work 
The following recommendations suffice based on findings of this research thesis:                 
1. The chemistry of the synthesized VES should be fine-tuned to compete favourably in 
quality and quantity with the commercial equivalent.                       
2. While it is novel that this work shows good results in building and sustaining viscosity 
with nanoparticle-inclusion, gel break-up can be investigated in the face of formation 
water, select reservoir hydrocarbons and mutual solvents to confirm the ease of flowback.                
3. Different corrosion inhibitors should be tried with the VES to improve its performance 
with Fe3+.                          
4. More coreflooding tests at higher temperatures and parallel tests should be conducted.     
5. Pilot studies can be carried out to check on-field performance, so as to overcome the 
scale transition usually identified with laboratory tests. 
 
91 
 
References 
[1] R. Primio and V. Neumann, “HPHT reservoir evolution: a case study from Jade 
and Judy fields, Central Graben, UK North Sea,” Int. J. Earth Sci., 2008. 
[2] M. Economides, K. Nolte, U. Ahmed, and D. Schlumberger, Reservoir 
stimulation. 2000. 
[3] C. Zeiler, D. Alleman, and Q. Qu, “Use of viscoelastic surfactant-based diverting 
agents for acid stimulation: case histories in GOM,” SPE Prod. Oper., 2006. 
[4] S. Choi, pH sensitive polymers for novel conformance control and polymer 
flooding applications. 2008. 
[5] J. Crews, T. Huang, and W. Wood, “New technology improves performance of 
viscoelastic surfactant fluids,” SPE Drill. Complet., 2008. 
[6] M. Yu, Y. Mu, G. Wang, and H. Nasr-El-Din, “Hydrolysis at High Temperatures 
on the Apparent Viscosity of Carboxybetaine Viscoelastic Surfactant-Based Acid: 
Experimental and Molecular Dynamics Simulation,” SPE J., 2012. 
[7] J. Crews and A. Gomaa, “Nanoparticle Associated Surfactant Micellar Fluids: An 
Alternative to Crosslinked Polymer Systems,” SPE Int. Oilf. Nanotechnol. …, 
2012. 
[8] F. Nettesheim and M. Liberatore, “Influence of nanoparticle addition on the 
properties of wormlike micellar solutions,” Langmuir, 2008. 
[9] T. Huang and J. Crews, “Do Viscoelastic-Surfactant Diverting Fluids for Acid 
Treatments Need Internal Breakers?,” … Exhib. Form. Damage Control, 2008. 
[10] D. Litchfield and D. Baird, “The rheology of high aspect ratio nano-particle filled 
liquids,” Rheol. Rev., 2006. 
[11] C. Velasco-Santos, “Carbon nanotube-polymer nanocomposites: The role of 
interfaces,” … Interfaces, 2005. 
[12] A. Sultan, Molecular simulation study of diverting materials used in matrix 
acidizing. 2009. 
[13] M. Dahayanake, J. Yang, and J. Niu, “Viscoelastic surfactant fluids and related 
methods of use,” US Pat. …, 2001. 
92 
 
[14] D. Purvis, D. Cramer, D. Smith, and D. Walton, “Diversion treatment method,” US 
Pat. 6,367,548, 2002. 
[15] F. Chang, Q. Qu, and M. Miller, “Fluid system having controllable reversible 
viscosity,” US Pat. 6,399,546, 2002. 
[16] R. D. Sr, “Acid thickeners and uses thereof,” US Pat. 7,060,661, 2006. 
[17] K. Cawiezel and J. Dawson, “Method of acidizing a subterranean formation with 
diverting foam or fluid,” US Pat. 7,303,018, 2007. 
[18] L. Li, L. Lin, C. Abad, and T. Bui, “Acidic internal breaker for viscoelastic 
surfactant fluids in brine,” US Pat. 7,635,028, 2009. 
[19] G. Funkhouser, S. Lewis, and T. Welton, “Viscoelastic surfactant fluids and 
associated acidizing methods,” US Pat. 7,159,659, 2007. 
[20] J. Berret, “Rheology of wormlike micelles: equilibrium properties and shear 
banding transitions,” Mol. gels, 2006. 
[21] K. Balasubramanian and M. Burghard, “Chemically functionalized carbon 
nanotubes,” Small, 2005. 
[22] H. Yin, D. Wang, and H. Zhong, “Study on flow behavoirs of viscoelastic polymer 
solution in micropore with dead end,” SPE Annu. Tech. Conf. …, 2006. 
[23] A. Gomaa, J. Cutler, Q. Qu, and K. Cawiezel, “Acid Placement: An Effective VES 
System to Stimulate High-Temperature Carbonate Formations,” … Prod. Oper. …, 
2012. 
[24] H. Barnes, A handbook of elementary rheology. 2000. 
[25] A. Sultan, A. AlAhmed, and S. Zaidi, “Viscosity, Rheological and 
Morphological Properties of Sulfonated Poly (ether ether ketone): PEM Fuel Cell 
Membrane Material,” Macromol. Symp., 2012. 
[26] J. Higiro, T. Herald, and S. Alavi, “Rheological study of xanthan and locust bean 
gum interaction in dilute solution,” Food Res. Int., 2006. 
[27] A. Singha and V. Thakur, “Study of mechanical properties of urea-formaldehyde 
thermosets reinforced by pine needle powder,” BioResources, 2009. 
[28] Y. Xi, W. Martens, H. He, and R. Frost, “Thermogravimetric analysis of 
organoclays intercalated with the surfactant octadecyltrimethylammonium 
bromide,” J. Therm. Anal. …, 2005. 
93 
 
[29] E. Tagliavini and F. Moretti, “Functional group analysis by H NMR/chemical 
derivatization for the characterization of organic aerosol from the SMOCC field 
campaign,” Atmos. …, 2006. 
[30] S. Akin and A. R. Kovscek, “Computed tomography in petroleum engineering 
research,” Geol. Soc. London, Spec. Publ., vol. 215, no. 1, pp. 23–38, Jan. 2003. 
[31] S. Raghavan and E. Kaler, “Highly viscoelastic wormlike micellar solutions 
formed by cationic surfactants with long unsaturated tails,” Langmuir, 2001.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
94 
 
APPENDIX 
Table 1: Measured and derived values by Ostwald Viscometer 
Temp. 
(oC/oF) 
Avg. 
Time 
(s) 
Specific  
Gravity 
(SG) 
Tube 
Const.  
(cSt/s) 
Tube  
Size 
 
ν 
(cSt) 
 
η 
(cp) 
 
 
 
 
 
 
2.00wt% Local VES 
30/85 731.98 0.995 0.007238 75 5.27 5.24 6.47 5.47 2.74 
65/150 468.34 0.985 0.001945 25 0.90 0.89 1.68 0.68 0.34 
80/175 353.09 0.976 0.001945 25 0.67 0.65 1.32 0.32 -0.02 
2.00wt% Commercial VES 
30/85 861.41 1.038 0.450589 350 402.89 418.20 853.46 852.46 426.23 
65/150 1068.05 1.034 0.451103 350 498.18 515.12 971.93 970.93 485.47 
80/175 1622.89 1.042 0.094444 200 159.71 166.42 314.00 313.00 156.50 
1.00wt% Local VES 
30/85 941.75 0.982 0.001945 25 1.80 1.77 2.19 1.19 1.19 
65/150 339.69 0.980 0.001945 25 0.64 0.63 1.19 0.19 0.19 
80/175 282.78 0.972 0.001945 25 0.53 0.52 1.06 0.06 0.06 
1.00wt% Commercial VES 
30/85 397.52 1.043 0.035045 150 14.53 15.16 18.72 17.72 17.72 
65/150 215.72 1.033 0.094060 200 20.96 21.65 40.84 39.84 39.84 
80/175 247.04 1.026 0.004261 50 1.08 1.11 2.27 1.27 1.27 
0.50wt% Local VES 
30/85 446.45 0.980 0.001945 25 0.85 0.83 1.02 0.02 0.04 
65/150 272.00 0.970 0.001945 25 0.51 0.49 0.92 -0.08 -0.16 
80/175 266.57 0.962 0.001945 25 0.50 0.48 0.98 -0.02 -0.04 
0.50wt% Commercial VES 
30/85 655.04 1.039 0.004261 50 2.90 3.01 3.71 2.71 5.42 
65/150 848.36 1.037 0.007218 75 6.35 6.59 12.43 11.43 22.86 
80/175 200.08 0.283 0.001945 25 0.11 0.11 0.22 -0.78 -1.56 
0.25wt% Local VES 
30/85 363.50 0.978 0.001945 25 0.69 0.67 0.83 -0.17 -0.68 
65/150 277.05 0.965 0.001945 25 0.52 0.50 0.94 -0.06 -0.24 
80/175 265.20 0.954 0.001945 25 0.49 0.47 0.96 -0.04 -0.16 
0.25wt% Commercial VES 
30/85 659.86 0.754 0.004261 50 2.12 1.60 1.97 0.97 3.88 
65/150 715.19 0.678 0.007218 75 3.50 2.37 4.48 3.48 13.92 
80/175 224.33 0.136 0.007211 75 0.22 0.03 0.06 -0.94 -3.76 
Brine 
30/85 382.07 1.043 0.001945 25 0.78 0.81    
65/150 254.54 1.035 0.001945 25 0.51 0.53    
80/175 240.82 1.025 0.001945 25 0.48 0.49    
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Table 2: Comparison of values from steady and dynamic shear tests for the commercial sample in single and 
multi-component brine 
 
Table 3: Comparison of zero-shear viscosities from steady and elastic modulus from dynamic shear for 
10,000ppm FeCl3 loading 
 
 
 
 
 
Admixture 
65oC 95oC 
Gp 
(Pa) 
ηo 
(Pas) 
Gp 
(Pa) 
ωc 
(rad/s) 
tR  
(s) 
ηo 
 (Pas) 
VES mixed with Deionized Water 7.5 227.20 - 2.55 0.39 6.24 
VES mixed with Multi-component 
Brine 11.0 877.64 12.0 0.60 1.67 32.43 
VES mixed with single-component 
3.5wt% NaCl  Brine 7.0 565.95 8.5 0.25 4.00 37.40 
VES mixed with single-component 
6.0wt% NaCl  Brine 6.5 430.06 8.5 0.22 5.26 50.47 
Admixture 
65oC 95oC 
 
Gp 
(Pa) 
 
ωc 
(rad/s) 
 
tR  
(s) 
 
ηo 
 (Pas) 
 
Gp 
(Pa) 
 
ωc 
(rad/s) 
 
tR  
(s) 
 
ηo 
(Pas)
 
10,000ppm FeCl3 
VES mixed with deionized 
water - 0.29 3.45 34.38 
 
- 11.42 
 
0.09 3.56 
VES mixed with salt water - 0.28 3.57 265.48 
 
- 9.09 
 
0.11 4.33 
VES mixed 0.1wt% CNT in 
deionized water - (<0.10) - 6.53 
 
- 3.35 
 
0.30 59.33 
VES mixed 0.1wt% CNT in 
salt water - 0.36 2.78 72.16 
 
- 1.22 
 
0.82 8.21 
VES mixed 0.1wt% NC in 
deionized water 7.5 (<0.10) - 34.47 
 
- 2.95 
 
0.34 13.16 
VES mixed 0.1wt% NC in salt 
water - 0.16 6.25 29.55 
 
- 15.59 
 
0.06 4.76 
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Table 4: Comparison of values from steady and dynamic shear tests for different CaCl2 loadings 
 
 
 
 
 
 
 
Admixture 
65oC 95oC 
Gp 
(Pa) 
ηo 
(Pas) 
Gp 
(Pa) 
ωc 
(rad/s) 
tR  
(s) 
ηo 
 (Pas) 
1.0wt% CaCl2 
VES mixed with deionized water 6.0 357.68 - 1.37 0.73 14.67 
VES mixed with salt water 1.5 338.66 7.0 0.25 4.00 41.86 
VES mixed 0.1wt% CNT in deionized water 6.0 160.91 8.0 0.40 2.50 33.36 
VES mixed 0.1wt% CNT in salt water 4.5 154.58 11.0 0.19 5.26 60.55 
VES mixed 0.1wt% NC in deionized water 8.0 225.20 - 1.82 0.55 17.21 
VES mixed 0.1wt% NC in salt water 4.0 250.13 6.0 0.21 4.76 32.36 
3.0wt% CaCl2 
VES mixed with deionized water 4.5 599.26 - 0.56 1.79 70.55 
VES mixed with salt water 3.5 251.01 - 0.73 1.37 16.17 
VES mixed 0.1wt% CNT in deionized water 8.0 602.77 10.0 1.36 0.74 19.13 
VES mixed 0.1wt% CNT in salt water 7.5 430.77 9.5 (<0.01) - 138.62 
VES mixed 0.1wt% NC in deionized water 6.5 258.75 11.0 0.34 2.94 29.17 
VES mixed 0.1wt% NC in salt water 4.8 358.32 10.0 0.13 7.69 73.16 
5.0wt% CaCl2 
VES mixed with deionized water 6.0 678.94 11.0 (<0.01) - 193.68 
VES mixed with salt water 4.5 244.45 7.5 (<0.01) - 92.85 
VES mixed 0.1wt% CNT in deionized water 4.5 254.93 7.0 (<0.01) - 137.11 
VES mixed 0.1wt% CNT in salt water - 180.30 10.0 (<0.01) - 131.96 
VES mixed 0.1wt% NC in deionized water 4.0 207.37 5.5 0.30 3.33 26.11 
VES mixed 0.1wt% NC in salt water 6.5 255.93 7.5 0.12 8.33 70.39 
10.0wt% CaCl2 
VES mixed with deionized water 3.5 201.93 9.0 (<0.01) - 152.10 
VES mixed with salt water 2.2 233.92 8.0 (<0.01) - 189.22 
VES mixed 0.1wt% CNT in deionized water 7.5 243.33 9.0 0.11 - 83.50 
VES mixed 0.1wt% CNT in salt water 6.0 248.08 14.0 (<0.01) 9.00 314.97 
VES mixed 0.1wt% NC in deionized water 4.5 208.29 8.0 0.10 10.0 83.37 
VES mixed 0.1wt% NC in salt water 4.5 276.60 9.0 (<0.01) - 228.28 
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Table 5: Comparison of values from steady and dynamic shear tests for different MgCl2 loadings 
 
 
 
 
 
 
 
Admixture 
65oC 95oC 
Gp 
(Pa) 
ηo 
(Pas) 
Gp 
(Pa) 
ωc 
(rad/s) 
tR  
(s) 
ηo 
 (Pas) 
1.0wt% CaCl2 
VES mixed with deionized water 7.0 135.03 - (<0.01) - 4.94 
VES mixed with salt water 5.0 242.66 9.0 0.27 3.70 30.99 
VES mixed 0.1wt% CNT in deionized water 3.5 403.88 - 0.71 1.41 16.26 
VES mixed 0.1wt% CNT in salt water 5.0 249.36 8.0 0.21 4.76 55.77 
VES mixed 0.1wt% NC in deionized water 9.0 327.05 9.0 0.51 1.96 13.84 
VES mixed 0.1wt% NC in salt water 6.0 455.73 9.0 0.35 2.86 23.67 
3.0wt% CaCl2 
VES mixed with deionized water 4.5 237.23 - 0.52 1.92 9.41 
VES mixed with salt water 3.5 267.90 5.5 0.18 5.56 35.48 
VES mixed 0.1wt% CNT in deionized water 12.0 377.77 - 0.70 1.43 27.63 
VES mixed 0.1wt% CNT in salt water 5.5 265.35 8.0 0.11 9.09 75.35 
VES mixed 0.1wt% NC in deionized water 6.5 355.70 - 0.55 1.82 16.50 
VES mixed 0.1wt% NC in salt water 7.5 535.19 13.0 0.21 4.76 64.66 
5.0wt% CaCl2 
VES mixed with deionized water 5.0 258.99 8.0 0.36 2.78 13.78 
VES mixed with salt water 5.5 284.52 8.0 0.22 4.55 50.10 
VES mixed 0.1wt% CNT in deionized water 6.0 484.03 11.0 0.22 4.55 33.27 
VES mixed 0.1wt% CNT in salt water 5.0 273.30 12.0 0.10 10.0 75.88 
VES mixed 0.1wt% NC in deionized water 6.5 352.06 9.0 0.45 2.22 20.72 
VES mixed 0.1wt% NC in salt water 6.5 274.66 7.5 0.20 5.00 48.51 
10.0wt% CaCl2 
VES mixed with deionized water - 103.13 - 1.42 0.70 3.53 
VES mixed with salt water 5.5 216.27 - 0.28 3.57 71.42 
VES mixed 0.1wt% CNT in deionized water - 215.92 12.0 0.12 8.33 108.83 
VES mixed 0.1wt% CNT in salt water 6.5 456.37 9.5 (<0.01) 16.7 130.77 
VES mixed 0.1wt% NC in deionized water 4.5 146.11 4.5 0.29 3.45 22.23 
VES mixed 0.1wt% NC in salt water 4.0 310.09 7.5 0.17 5.88 56.70 
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